1. Introduction {#sec1}
===============

The concept of reconstructing a bulk semiconductor through chemical synthesis into a semiconductor containing a periodic array of nanopores was introduced in 1992.^[@ref1]^ The vision was a new genre of semiconductor device with electronic, optoelectronic, and optical properties that were sensitive to the size and shape of molecules adsorbed within the nanopores. The archetypes of this class of zeolitic semiconductors (ZSs) were based on germanium and tin sulfide and selenide compositions. They were found to have open-framework structures, reminiscent of silica- and alumina-based zeolites, comprising tetrahedrally connected networks of tetrahedral metal chalcogenide building blocks.^[@ref2]^ Inspired by this knowledge, their potential as electronic sensors was explored;^[@ref3]^ however, information about their electronic structure, which is key to establishing their physical structure, property, function, and utility relations, remains largely unknown today.

The synthesis of ZSs is as challenging as it is important. In the first decade of this century, great efforts were expended to produce alternative zeolitic materials by replacing oxygen with chalcogens and substituting the ubiquitous Si and Al with alternate tetrahedral metal centers.^[@ref4]−[@ref6]^ Further structural diversity---including the isolation of metastable and unstable structures---was realized by application of structure directing agents thereby expanding the structural library.^[@ref7]^ Structurally, the incorporation of germanium allowed a proliferation of new frameworks and the synthesis of ultraporous framework materials.^[@ref8],[@ref9]^ Moreover, the highly polarizable nature of chalcogen atoms was found to result in enhanced gas absorption in these systems.^[@ref10],[@ref11]^ Latterly, alternative synthetic routes, such as ionothermal synthesis and post-synthesis reduction, have reinvigorated the search for new framework structures and compositions.^[@ref12]−[@ref15]^ The recent report of measured semiconducting behavior in a zeolite-analogue material,^[@ref16]^ as well as more exotic electronic phenomena such as anomalous band gap evolution in nanocrystalline topological insulators,^[@ref17]^ shows that this field offers great potential. One very recent study demonstrated the synthesis of open-frame ZSM-5 high tin sulfide and selenide zeolite analogues,^[@ref18]^ with surface areas and stabilities equivalent or superior to zeolites. The confluence of novel synthetic methods, early reports of semiconducting behavior, and advances in modern computational techniques have inspired us to address the electronic structure of these materials.

We report the electronic properties of nanoporous metal chalcogenides (np-MX~2~, where M = Si, Ge, Sn, Pb; X = O, S, Se, Te) exemplified by the sodalite (SOD), Linde Type A (LTA) and aluminum chromium phosphate-1 (ACO) structures and compare these properties with those of the bulk forms (MX~2~). The electronic structure is calculated from first-principles within Density Functional Theory (DFT), a predictive tool in contemporary materials design.^[@ref19],[@ref20]^ We assess the nanoporous and bulk forms of the simplest metal chalcogenides, the corresponding metal oxides (np-MO~2~ and MO~2~) and mixed anion and cation solid solutions. The results allow insights into how the structure and composition of nanoporous metal chalcogenides determine their electrical and optical properties, and provide a robust platform for developing "inverse quantum dot" nanoporous semiconductors.

2. Structural Stability {#sec2}
=======================

Before we consider the electronic structure, it is pertinent to assess the stability of the phases. We emphasize that the formation of most porous solids is kinetically controlled, with nucleation and templating being key in the crystallization process. Nonetheless, the thermodynamic stability relative to known siliceous zeolites is an important comparison, which has been made before to assess the viability of hypothetic framework structures.^[@ref21]^

First of all, all structures were found to be dynamically stable with no negativity frequency phonon modes at the center of the Brillouin zone. To address thermodynamic stability, we have calculated the total energies of the three framework types and compare them to the corresponding bulk crystal ground-state structures. The data is presented in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b00464/suppl_file/cm7b00464_si_001.pdf). The pure silica forms of ACO, SOD, and LTA are known to exist^[@ref22],[@ref23]^ and can be accessed through hydrothermal synthesis routes, employing structure directing agents (SDAs or templates) as required. We characterize the stability of the frameworks relative to the ground-state crystal structure of the same stoichiometry by calculating the energy difference per atom. For the ACO, SOD, and LTA frameworks of SiO~2~ the enthalpic cost associated with the formation of the porous solid is 0.55, 0.54, and 0.55 eV per formula unit, respectively.

The SiO~2~-ZMS-5 material was also included in our energetic assessment, as an industrially relevant material, and was found to be highly stable with a formation enthalpy cost of 0.004 eV per formula unit relative to SOD-SiO~2~. This stabilization is attributed to the reduction in acute M-O-M bonding angles. These angles are critical descriptors in the assessment of stability of larger metal and chalcogenide-containing structures, where more larger metal/chalcogenides favor more obtuse M-O-M angles.^[@ref24]−[@ref26]^ ZSM-5 was not studied in all compositional arrangements because its large unit cell presented computational challenges for the heavier metal-chalcogenides. However, the electronic properties of the ZSM-5-SiO~2~ were similar to that of ACO, SOD, and LTA. The electronic properties of the np-MX~2~ materials are essentially unperturbed by structure-type; our computations on the smaller cell zeolites represent an upper limit in formation enthalpy.

The GeO~2~ frameworks display a similar stability with respect to the reference state than the SiO~2~ analogues with an enthalpic cost of 0.85 eV (SOD), 0.79 eV (LDA), and 0.84 eV (ACO), respectively. The ability of germanium to form the same mineral structures as silicon can be understood from their similar ionic radii, electronegativities, and valence shell characteristics.^[@ref27]^ Indeed, large numbers of germanates that are isostructural to natural silicates have been synthesized. Some differences exist between the Si--O--Si motif and the Ge--O--Ge motif,^[@ref25]^ for example, the Ge--O bond is longer and the germanate angle is smaller than the silicate species.^[@ref28]^ The difference in bond length is related to ionic radius, while the variation in bond angle can be understood in the context of the valence shell electron pair repulsion (VSEPR) model.^[@ref29]^ In line with VSEPR, there is a greater repulsion between nonbonded electrons than bonded, thus the two nonbonded pairs force a tighter angle in the bonding electrons in the germanate structure.

There is an increase in formation enthalpy for the nanoporous sulfides and selenides. As has been noted previously, the tilt angle joining the tetrahedral building blocks of zeolite frameworks is largely fixed at 109° in sulfide species,^[@ref30]^ meaning that the formation of these frameworks involves additional strain, as reflected in the energies of Si, Sn, and Ge sulfide and selenide species. The Pb chalcogenides and SiTe~2~ represent a deviation from this trend. In these cases, the increased bond-lengths and higher atomic polarizability may be responsible for an enhanced flexibility. For reference, the formation enthalpies for all materials examined here are comparable to the formation enthalpy of other metastable materials (e.g., MOF-5).^[@ref31]^

It should be further noted that chalcogenide zeolitic frameworks are known, which consist of assemblages of nanoparticle building blocks of MX~2~ stoichiometry.^[@ref32]−[@ref35]^ This is further suggested from our calculations; the one exception is the tellurides of which there are no reports in the solid-state with a stoichiometry of MTe~2~. Given the predicted accessibility of many of these species---and other more strained ring frameworks^[@ref36]^---the existence of a plethora of experimentally realized analogues and the need for electronic insights to assist in the realization of their true potential, we now undertake a systematic exploration of the effects of chemical and structural modifications on the band-structure of these materials.

3. Electronic Structure {#sec3}
=======================

The electronic properties of many porous materials feature localization of the electronic density of states in real space and hence a lack of dispersion in the bands in reciprocal space. This is certainly true for other porous materials (e.g., metal--organic frameworks) in which many recent publications have shown flat electronic bands in reciprocal space^[@ref37]−[@ref39]^ that can be modulated through chemical substitutions and inclusions.^[@ref40],[@ref41]^ In the case of the porous metal oxides and chalcogenides presented here, the valence band is nondisperse (this is described by a large effective mass for hole transport: *m*~h~^\*^ \> 1 m~e~ for np-SiO~2~), composed entirely of oxygen/chalcogen p-orbitals, independent of crystal morphology. These p-orbitals are orientated into the pores and thus do not form a continuous pathway in the framework of the structure for charge transport; similar obstacles to hole mobility are often encountered in amorphous oxides.^[@ref42]^

Owing to the stoichiometry and IV oxidation state of the group 14 metals Si, Ge, Sn, and Pb, the lowest unoccupied states are a hybrid of unoccupied oxide/chalcogen and metal s-orbitals. The crystal orbitals are delocalized throughout the structure. As a result, np-MX~2~ materials demonstrate pronounced band dispersion (a parabolic effective mass of *m*~e~^\*^ = 0.64 m~e~ for np-SiO~2~ in the SOD structure) comparable to other wide band gap semiconductors.^[@ref43]^

The valence and conduction band edges are defined by the chalcogen and metal/chalcogen identity, respectively (Supporting Information, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b00464/suppl_file/cm7b00464_si_001.pdf)). These bands can be aligned to the universal vacuum level:^[@ref44]^[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} illustrates that the work functions of np-MO~2~ semiconductors are relatively independent of metal and morphology. This results from the similarities between the oxygen crystal environment--at the vertices of tetrahedra of M(IV) cations--and reflects the fact that the electron energies at these sites are dominated by the Madelung potential.^[@ref45],[@ref46]^ The electron affinity (EA) is related to the energy of the unoccupied metal center s-orbitals. The EA displays a clear trend to increase as we move to larger metals, a trend related to the relativistic effects of the nucleus on the electrons that scales with *Z*^2^. This observed increase in electron affinity may be attributed to a contraction in the s and p and expansion of the d and f orbitals of the metal, resulting in stabilization of the low lying unoccupied states.

![Electronic band structures (DFT/HSE06), aligned to the vacuum level by the ionization potential (Φ), of MO~2~ (M = Si, Ge, Sn, Pb) in the zeolite-type structures shown on the left. Plotted following 0,0,0 to 1/2,1/2,1/2 in reciprocal space (where 0,0,0 = gamma and 1/2,1/2,1/2 = special point as described in the figure), SOD structured materials show the most significant dispersion in the conduction band (ca. 2 eV), followed by ACO (ca. 1.6 eV), and LTA (ca. 0.7 eV). The conduction band is composed of delocalized antibonding O s and M s-orbitals. The valence band is composed of localized O p-orbitals, resulting in flat bands, and the bulk potential is relatively insensitive to the cation identity.](cm-2017-00464y_0001){#fig1}

To isolate the effect of the anion, the electronic structure of the SnX~2~ series was explored, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The ionization potential (Φ) decreases with increase in anion size but only the oxide is predicted to have a band gap. Heavier np-MX~2~ compounds result in valence and conduction band crossing, thus forming a semimetal (a zero gap material) with a low electronic density of states at the Fermi level. This is true of all np-MX~2~ materials, with the exception of SOD-SiS~2~ that has a predicted band gap of 0.2 eV. Further details of band alignments for np-MX~2~ are provided in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b00464/suppl_file/cm7b00464_si_001.pdf).

![Electronic band structures (plotted from 0,0,0 to 1/2,1/2,1/2 in reciprocal space) for sodalite SnX~2~ (X = O, S, Se, Te) relative to the vacuum level. The oxide has a band gap, while the sulfide, selenide, and telluride are metallic and their work functions are defined by their Fermi levels (in the limit of T → 0 K).](cm-2017-00464y_0002){#fig2}

Previous studies on nanostructured ZnO showed a large effect of the porosity of the material on the band gap.^[@ref47]^ Although the magnitude of the band gap of IV--VI np-MX~2~ materials is not as clearly modulated with morphology, we observe a similar tendency toward a wider band gap with increased porosity, with LTA displaying the largest gap in all cases. Moreover, conduction band dispersion is affected by nanoporosity, offering a route toward the engineering of electron transport properties. For instance, the conduction band effective mass *m*~e~^\*^ = 0.74 m~e~ for LTA-SiO~2~ compared to *m*~e~^\*^ = 0.64 m~e~ for SOD-SiO~2~.

Band engineering of solid-state semiconductors by creating solid solutions (compositional alloys) is a well-established practice. To consider the effects of forming ZS alloys we treat two possible *isovalent* substitution routes for the SOD SiO~2~ framework: (i) a single extrinsic inclusion of another metal at the Si site; (ii) a single extrinsic chalcogenide substitution at an oxygen site. The results are summarized in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} (higher chalcogenide concentrations and energetics are presented in the [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b00464/suppl_file/cm7b00464_si_001.pdf) and the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b00464/suppl_file/cm7b00464_si_001.pdf), respectively). In both the metal and the anion substitution cases, the band gaps are intermediate between the binary end-points, that is, following Vegard's rule.^[@ref48]^

![Isovalent dopants introduce localized states in the electronic band structure of porous metal chalcogenides (DFT/HSE06), allowing for modular electronic band gaps and ionization potentials (Φ). For example, in SiO~2-*x*~Se~*x*~ (left-hand side), the low binding energy of the filled Se 4p orbitals introduces a state 2 eV above the valence of SiO~2~, while in Si~1--*x*~Pb~*x*~O~2~ (right-hand side), the high binding energy of the unoccupied Pb 6s orbital introduces a state 3 eV below the conduction band of SiO~2~.](cm-2017-00464y_0003){#fig3}

The different substitution types offer precision control over which electronic property is tuned. The ionization potential can be altered by anion substitution, electron affinity by metal mixing, and the band gap by either or both. In all cases the band engineering is achieved by introducing well-defined states in the gap of the host material. Doping on the chalcogen site leaves the intrinsic band structure essentially unaltered and the resultant midgap state is highly localized, as evidenced by the lack of dispersion in the upper valence band ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Note that the Te-substituted chalcogen resulted in a framework with a stress beyond the ultimate tensile strength of the framework and could not be mechanically stabilized, although solid solutions with heavier chalcogen frameworks (e.g., MSe~2-*x*~Te~*x*~) may be possible.

The metal substitution induced gap state shows a trend toward increased localization as we move further in chemical space from the original host species. The dispersion for the Ge defined conduction band is similar to that in purely siliceous SOD. The band dispersion in reciprocal decreases as we move down the column of the periodic table, until the flat, midgap state of Pb. The trend can be understood in terms of atomic orbital mixing and overlap in forming the crystal wave functions. As the metals become more chemically distinct the degree of mixing is reduced and the state defining the band edge participates to a lesser extent in the interconnected matrix of the framework. This observation has implications for charge transport in the material, as higher effective masses will reduce electron mobility and hence conductivity.

4. Semiconductor Applications {#sec4}
=============================

Thus far we have considered the properties of ZSs with respect to conventional solid-state semiconductors. However, the trends and properties that have been revealed are of interest in their own right, provoking the question: *what is the nanoporous semiconductor advantage?*

The answer lies in the void, with the availability of a continuous, ordered, porous, conducting network. These systems can be intimately mixed with materials possessing complementary electronic properties. This concept opens up a plethora of combinations and opportunities. To illustrate the potential for forming composite systems we initially consider a prototypical pore-filling material: fullerene, ubiquitous in organic electronics. In combination with ZSs, we demonstrate how it can find enhanced application. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the upper valence electron density of LTA-SiO~2~ with a fullerene in the pore,^[@ref49]^ along with the associated electron energies, on the left-hand side the energy levels. The straddling *type-I offset* of the isolated materials is reproduced in the composite system. This type of junction is widely applied in quantum dots and wells to stabilize excitons and provide enhanced luminesce in the confined system. The arrangement means that both holes and electrons are blocked from leaving the fullerene, yet the fullerenes can still form an ordered array, afforded by the framework structure of the ZS. We note that during the preparation of this manuscript an exciting report of Ag nanoparticles contained within zeolitic-SiO~2~ was reported and demonstrated unusual quantum confinement effects,^[@ref50]^ substantiating this potential application.

![Representations of (a) C~60~\@LTA-SiO~2~ forming a type I semiconductor internal heterojunction, with strong quantum confinement which could provide enhanced exciton lifetimes and luminescence. The calculated offsets based on the isolated and composite systems are shown (blue bands corresponding to C~60~-centered bands). SOD-SnO~2~ pores (*d* = 10.7 Å) may be filled with small PbS quantum dots, where confinement effects can be exploited to change the nature of the band offsets. Here we show the broadening of the electronic gap in slightly larger PbS quantum dots and can project that the smaller dots will form the type-II semiconductor heterojunction. Loading ACO-GeO~2~ with the conductive polymer, polypyrrole (c), should form a type-III semiconductor heterojunction, which could lead to selective hole transport in the polypyrrole layer and electron injection into the GeO~2~ framework.](cm-2017-00464y_0004){#fig4}

*Type-II offsets* or staggered band gaps alignment is perhaps the most desirable alignment regime for semiconductor devices, finding application for example in bipolar transistors, light emitting diodes, and photovoltaic devices. This type of offset allows for robust separation of charges (electrons and holes) between the two materials. To illustrate the possibility of utility of ZSs with other nanotechnologies we demonstrate the alignment of SOD-SnO~2~ with PbS quantum dots in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. In this case the size of the quantum dot as well as the porosity and composition of the framework allows for fine-tuning of the alignments. One application is the synthesis of photovoltaic absorber layers with the high interfacial areas associated with bulk heterojunction solar cells but with a degree of order and regularity unobtainable in typical donor--acceptor composites. This in turn could lead to enhanced charge separation, carrier lifetimes, and ultimately device performance. For the compositions considered here the frameworks would be best suited to acting as n-type semiconductors in such an architecture, because of the greater dispersion and lower effective mass in the conduction band as opposed to the valence. Design rules for p-type frameworks could include the use of metal cations with lone-pair s-electrons constituting the valence band maximum, similar principles have been explored for establishing p-type transparent conductive oxides.^[@ref51]^

*Type-III offsets* usually occur in materials with contrasting electronegativities, in this case the valence band of one material lies closer to the vacuum level than the conduction band of the other material, resulting in a spontaneous transfer of charge at the interface. Such architectures have been proposed for biomedical applications; however, these offsets are uncommon in traditional semiconductors^[@ref52],[@ref53]^ as the change in electronegativity is generally accompanied by a large difference in crystal structure. Recent developments in epitaxial growth of nanowires have opened up new possibilities for defect-free type-III interfaces.^[@ref54],[@ref55]^ The application of ZSs with semiconducting inclusion materials offers another route to the fabrication of this important class of semiconductor architectures. LTA-SiO~2~ with polypyrrole in the pore is depicted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. This case corresponds to a type-III offset, with the valence bands of the polypyrrole higher in energy than the conduction band of the ZS, due to the destabilizing effects of the lone pair on the nitrogen site.

Another potential application of the frameworks is as transparent conductors (TCs). Traditionally TCs have relied on taking a wide gap material (usually an oxide) and tuning the carrier levels to induce conductivity. Recently, however, Zunger and co-workers^[@ref56]^ demonstrated a new route to achieving TCs through the control of interband transitions in metallic conductors. The proposed type 2 intrinsic conductors are semimetals with large direct bandgaps and zero indirect bandgaps. The SnX~2~ series presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} demonstrate how this kind of band structure is achievable in porous chalcogenides. Through the choice of metal and anion the interband transitions can be tuned to be symmetry allowed or forbidden, suggesting the possible application of ZSs as transparent intrinsic conductors.

The applications outlined above represent a select few examples; the field is limited only by the imagination of its practitioners. We have demonstrated the thermodynamic feasibility of electroactive porous chalcogenide frameworks, and recent work in the field of infiltrated carbon nanotubes^[@ref57]^ and electro-activated MOFs^[@ref58]^ already demonstrates the wide array of novel technologies made possible by such strategies. The gauntlet is now thrown down to engineers to design and develop novel applications, to physicists to explore and explain the rich electronic structure, and to chemists to synthesize and realize these configurations.

5. Catalytic Applications {#sec5}
=========================

While the substitution of metallic heteroatoms into the microporous matrix of zeolites has resulted in a large number of novel catalytic systems, the isomorphic substitutions of the bridging oxygen atoms in these materials by other elements, such as S, Se, and Te, to produce microporous metal chalcogenides has seldom been explored and continues to be an exciting topic in the context of catalytic bond activation.^[@ref59]^ This lack of understanding exists despite our ability to, on the one hand, synthesize well-defined metal chalcogenide structures, and on the other hand, use such materials with open architectures as catalysts in a variety of photo- and electrochemical applications.^[@ref60]^

An opportunity exists for the use of microporous metal chalcogenides to generate exotic catalytic environments that combine the confinement effects of microporous materials with the electronic properties generated by the metal-chalcogen motifs. Indeed, microporous environments can discriminate chemical pathways by allowing the diffusion of molecules with the correct shape and size. The pores and voids of these materials have molecular dimensions capable of stabilizing reactive intermediates and transitions states that mediate chemical reactivity by van der Waals interactions. This is reminiscent of the solvation effects prevalent within enzyme pockets and has analogous consequences for catalytic specificity.^[@ref61]^ The topochemical characteristics of the pores mediate enthalpy--entropy compromises that determine Gibbs free energies of the reactive adducts, thus extending the diversity of the microporous solid matrix well beyond simple size discrimination allowing the utilization of entropy as a design principle.^[@ref62]^ Microporous environments have been exploited to stabilize late transition metal clusters via encapsulation to generate bifunctional catalysts.^[@ref63]^ Notably, the porous materials described herein can be synthesized with tunable bandgaps, making them suitable as selective photoredox catalysts. Taken together, all these properties can be combined to address a variety of challenging transformations. For example, these catalysts are promising materials for the selective removal of endocrine disruptor compounds---water-soluble organic pollutants known for their ability to mimic hormones, leading to adverse health effects on aquatic organisms^[@ref64]^ and in the early stages of human life^[@ref65]^ even at exceedingly low (i.e., pg/L) concentrations---from wastewater streams via chemoselective photodegradation in the presence of other organic species. Interestingly, the decomposition of organic waste could lead to the production of fuels and electricity when using these materials in photofuel-cells.^[@ref66]^ Similar approaches could be implemented for the removal of air pollutants in vehicles and buildings. Further, the cooperative effects between the semiconducting framework with encapsulated redox-active clusters can be exploited for light-assisted bond activation in thermocatalysis (an example is shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b00464/suppl_file/cm7b00464_si_001.pdf)), akin to the cooperative effect attained with localized surface plasmons to lower activation barriers and increase the selectivity by allowing the thermocatalytic production of sensitive compounds at lower temperatures.^[@ref67],[@ref68]^

6. Conclusion {#sec6}
=============

From a predictive materials modeling investigation, we have shown that nanoporous oxides and chalcogenides exhibit an impressive diversity in their electronic behavior. Depending on the choice of metal or chalcogen, the band gaps can be tuned from the regime of wide band gap insulators to semiconductors, with metallicity observed for the heavier chalcogens. Perhaps these heavier chalcogenide materials could be interesting electrically conductive materials. These properties can be further tuned through doping and solid solutions, and their porosity can be exploited to construct a range of electronic offsets *within* the materials by using electroactive guests. The thermodynamic cost of forming the chalcogenide frameworks is similar to known nanoporous materials, and they should be amenable to the full range of established synthetic techniques including chemical templating. Furthermore, the diversity and chemical modularity provides unusual routes toward high surface area heterogeneous catalysts with compelling compositions for photo-, electro-, and thermal catalytic applications. Thus, this class of porous metal chalcogenides has the potential to bring semiconductor nanochemistry firmly into three dimensions.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.chemmater.7b00464](http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.7b00464).Further details on the computational methods and a table of the calculated electronic and structural properties of each material ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b00464/suppl_file/cm7b00464_si_001.pdf))
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